W
est Nile virus (WNV) is a neurotropic mosquito-borne flavivirus responsible for recurrent outbreaks of meningitis and encephalitis. Several studies analyzing the interactions of this pathogen with the autophagic pathway have reported opposite results with evidence for and against the upregulation of autophagy in infected cells. In this regard, we have recently reported that minimal genetic changes (single amino acid substitutions) in nonstructural proteins of WNV can modify the ability of the virus to induce autophagic features such as LC3 modification and aggregation in infected cells. We think that these results could help explain some of the previously reported discrepancies. These findings could also aid in deciphering the interactions of this pathogen with the autophagic pathway at the molecular level aimed to develop feasible antiviral strategies to combat this pathogen, and other related flaviviruses.
West Nile virus, a neurotropic flavivirus, is maintained in nature in an enzootic infectious cycle between avian hosts and ornithophilic mosquitoes. 1 Since the virus was first reported in the West Nile District of Uganda in 1937, WNV circulation has been associated with recurrent outbreaks of meningitis and encephalitis affecting humans and horses along different areas of Africa, Europe, Asia, and Oceania. In 1999 the virus was detected for the first time on the American continent in New York (NY99 strain), 2 and has spread across the continent during the subsequent years. Nowadays, the virus has become endemic in the USA, and is the leading cause of epidemic encephalitis. 3 Currently, there is no licensed vaccine or therapy for human use against this pathogen.
Macroautophagy (herein referred as autophagy) is a catabolic mechanism that sequesters cytoplasmatic components for degradation. 4 The autophagic pathway can be upregulated to cope with diverse forms of cellular stress, including viral infections. 5 In the case of flaviviruses, the autophagic pathway can play multifaceted roles during the infection of these pathogens that include rearrangements of cellular lipid metabolism, contribution to viral maturation, or involvement in the early steps of the infection. [6] [7] [8] However, whereas the upregulation of the autophagic pathway has been well documented for other flaviviruses (for a review see ref. 9), the involvement of autophagy in WNV infection has been controversial. There is evidence supporting an upregulation of autophagy upon WNV infection, mainly based on the increase in the cellular content of the lipidated form of microtubuleassociated protein 1 light chain 3 (LC3) and its aggregated forms visualized with GFP-LC3 fusion constructs. 10, 11 However, there is also evidence showing that infection by WNV does not induce the lipidation of LC3, thus pointing to a lack of upregulation of the autophagic pathway in infected cells. 12 Furthermore, these reports also showed contradictory results when the effect of the depletion of the autophagy-related (ATG) protein ATG5, a key regulator of autophagy, on the replication of WNV was analyzed. Whereas Beatman et al. 10 partially the result of different cell lines, viruses, and methodologies used in these studies. In fact, cell-type dependent differences or virus strain-dependent discrepancies in the autophagic effect have been reported for other viral models. [13] [14] [15] However, a remarkable feature of the papers addressing the specific case of WNV is that autophagy analyses following infection with viruses from the NY99 genotype lead to different results. [10] [11] [12] We have recently revisited the induction of autophagy using a panel of WNV strains that varied geographically and temporally, including viruses belonging to the NY99 genotype. Our results showed that infection with all, except one, of the WNV strains tested induce an increase in LC3 lipidation and aggregation of GFP-LC3 consistent with an upregulation of the autophagic pathway. 16 Remarkably, the virus isolate that failed to induce autophagic features was the NY99 strain 17 included in the assays. Moreover, when a persistent derivative of this parental NY99 strain isolated from a mouse 56 d after vertical infection 18 was tested, this virus (termed mutant B13) also induced LC3 lipidation and aggregation, characteristics of an upregulation of autophagy. The complete genomic sequence of mutant B13 showed only 2 nonsynonymous nucleotide substitutions when compared to its parental NY99 isolate. These nucleotide substitutions are responsible for the introduction of amino acid replacement V67I in nonstructural protein 4A (NS4A) and amino acid replacement I240M in NS4B. 16 Genetically engineered mutant viruses carrying these mutations alone or combined were constructed using an infectious cDNA clone. The introduction of any of these mutations in the recombinant viruses is sufficient to promote an increase in LC3 lipidation and aggregation in comparison to the parental virus recovered from the infectious cDNA clone. These results confirmed that minimal genetic changes in the NS proteins of WNV can modulate the induction of characteristic features of autophagy upregulation in WNV-infected cells.
As noted above, our mutant B13, which induces an increase in LC3 modification/aggregation in comparison to its parental isolate NY99, was isolated from a persistently infected mouse. 16 The persistence of WNV in infected patients and also in animal models has been well documented (for a review see ref. 19 ). Unfortunately, the genomic sequence of the viruses detected in most of these studies is rather limited. Nevertheless, it has been noted that WNV recovered from a persistently infected hamster acquires different mutations throughout the genome, including in genes encoding NS proteins. 20 An attractive idea is that the selection of specific mutations could help in the establishment of a persistent infection in vivo. Supporting this idea of viral adaptation to persistent infections, in vitro experiments using WNV replicons have also shown that the selection of mutations in NS proteins (including in NS4B) facilitates persistence. 21 Following this reasoning, we examined whether the mutations found in mutant B13 16 are similar to those observed in WNV recovered from persistently infected hamster. 20 The comparison of the sequences revealed that no common mutations are selected in both persistent viruses. The lack of common mutations could reflect differences between these WNV persistence models and points to the flexibility of adaptation of WNV. Anyway, the role of the mutations selected in these persistent viruses and their connections with the autophagic pathway in vivo still remain to be fully elucidated. However, it has to be also considered that the relationship between viral persistent infections and autophagy has been already documented in other viral models. 22, 23 The specific case of hepatitis C virus merits special consideration, since this pathogen is also a member of the Flaviviridae family where WNV is classified. This virus induces the selective degradation of mitochondria by autophagy (mitophagy) that has been related to attenuation of viral apoptosis that contributes to persistent infections. 23 Hence, it is possible that the upregulation of the autophagic pathway by mutant B13 could be associated with the establishment of in vivo persistence.
Nowadays, WNV stocks for laboratory usage can be produced in cultured cells from a limited number of infectious clones available, and more commonly, by amplification of diverse tissue cultureadapted virus isolates. As with any RNA virus, WNV has a high potential for mutation and a relatively high degree of sequence variation among viral isolates occurs. In this way, closely related isolates, even from the same genotype, exhibit differences in the genomic sequence. These differences do not only reflect sequence differences in the source of the infectious virus (infectious clone or isolate), but also the selection of variants that have arisen during the amplification of virus isolates from different origins and passage history. With these considerations in mind, we think that the differences previously observed in the studies analyzing the upregulation or not of autophagy during WNV infection could rely on genetic differences of the viruses utilized in these analyses. Thus, our results could help to reconcile conflicting positions on the relationship between WNV and autophagy. Regarding other flaviviruses, the ability to induce LC3 modification and aggregation has been reported to vary among different strains of Japanese encephalitis virus, 24 which also supports the idea that variations on the ability to upregulate the autophagic pathway of the viral strains could constitute a common feature of the flaviviruses.
Albeit attractive, deciphering the mechanism(s) behind the mutations in NS4A and NS4B and the phenotype of mutant viruses does not seem to be an easy task, since these 2 proteins are multifunctional transmembrane proteins that have been involved in diverse aspects of the flavivirus life cycle. NS4A has been related to WNV-induced intracellular membrane rearrangements and the mechanisms to overcome superinfection exclusion. 25, 26 In the case of Dengue virus (another flavivirus) the expression of NS4A has been also related to evasion of the innate immune response and protection against cell death through induction of autophagy. 27, 28 On the other hand, NS4B has been associated with flavivirusinduced membrane rearrangements, RNA synthesis, and evasion of innate immunity. 27, 29, 30 In fact, a WNV mutant carrying a single amino acid substitution in NS4B is attenuated and induces strong innate and adaptative immune responses in vivo. 31 Moreover, the expression of both NS4A and NS4B in WNV-infected cells has also been associated with the activation of the unfolded protein response, another cellular stress pathway. 32 All these findings suggest that NS4A and NS4B play central roles in the connections between virus replication, membrane rearrangements, autophagy, and immune response in WNV-infected cells. Consistent with this view, these 2 proteins could constitute interesting antiviral targets against WNV and other related flaviviruses.
In our experiments, the viruses inducing different autophagic features share common growth kinetics in cultured cells. 16 This apparent lack of effect of autophagy on in vitro replication of WNV is consistent with the results obtained by other researchers when autophagy-related proteins are depleted in cultured cells. 10, 12 However, Kobayashi et al. 11 observed that autophagy-deficient cells (atg5 ¡/¡ MEFs) display an increase in virus replication relative to control cells (Atg5 C/C MEFs). This increase in virus replication correlates also with an increase in virus yield when a very low infection dose is used. Based on these observations these authors suggested a protective role of autophagy against WNV infection. This could be consistent with the reported protective role of autophagy against infection with other arboviruses. 33, 34 In fact, exogenous activation of autophagy by a proautophagic peptide results in protection against WNV infection in vivo and constitutes a promising antiviral strategy. 35 Along this line, we must remember that the mutant virus differing in autophagy upregulation was isolated from a persistently infected mouse, which might indicate that autophagy plays a role during in vivo infection with WNV, regardless of the results observed in vitro. Considering that the relationship between autophagy and viral persistence has been documented, 22, 23 and that persistent infections have to cope with the immune system of the host in a more prolonged way than during acute infections, the immunological role of autophagy during WNV infection in vivo becomes patent. In any case, this does not exclude the possibility that autophagy could play other relevant roles not yet assessed during WNV infection.
Thus, deciphering the interactions between WNV with the autophagic pathway through in vivo experiments, could help with the development of novel antiviral strategies to combat this pathogen. Further in vitro and in vivo characterization of these novel mutants differing in their ability to induce LC3 modification/ aggregation, together with the analysis of more genetically divergent viral strains, could provide new clues to understand the molecular mechanisms behind the upregulation of autophagy in WNV-infected cells.
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